Purpose: To explore functional visual recovery after retinal reattachment surgery employing full-field electroretinography (ffERG). Methods: In this case series, scotopic and photopic ffERGs were compared 2 days before, and 1, 3 and 6 months after successful scleral buckling for total rhegmatogenous retinal detachment (RRD). Main outcome measures were changes in ERG a-and b-wave amplitudes postoperatively. Results: Twenty eyes of 20 patients including 14 male and 6 female subjects with mean age of 34.7±8.2 (range, 23 to 50) years were enrolled. Preoperatively, mean a-wave amplitude in the maximal combined response was 27.5±11.7 µV which was increased to 110.7±41.9 (P<0.001), 175.7±53.1 (p<0.001) and 174.6±51.4 (P<0.001) µV at 1, 3 and 6 months, respectively. Mean preoperative a-wave amplitude of the cone ERG response was 2.1±0.8 µV, which was increased to 2.2±0.9 (P=0.03), 5.1±1.7 (P<0.001) and 5.3±1.6 (P<0.001) µV at 1, 3 and 6 months, respectively. Mean preoperative b-wave amplitude in the maximal combined response was 97.6±28.9 µV which was increased to 179.2±44.9 (P<0.001), 264.2±56.3 (P<0.001) and 267.8±54.2 (P<0.001) µV at 1, 3 and 6 months, respectively. Mean preoperative b-wave amplitude of the cone ERG response was 2.9±0.9 µV which was increased to 3±0.9 (P=0.32), 9.9±1.9 (P<0.001) and 9.8±1.9 (P<0.001) µV at 1, 3 and 6 months, respectively. Conclusion: After retinal reattachment surgery, photoreceptor and visual function show parallel improvement. The scotopic ERG response recovered faster than the photopic response. Incomplete recovery of ERG parameters indicates that photoreceptor cell damage in retinal detachment is not completely reversible.
INTRODUCTION
Retinal detachment is the separation of the retinal pigment epithelium (RPE) from the neural retina and a serious condition that can lead to blindness. Scleral buckling is a wellestablished surgical procedure for the treatment of rhegmatogenous retinal detachment (RRD); the anatomical success rate of this operation has been reported to exceed 90%. [1] [2] [3] [4] [5] Although there are a number of reports expressing concern about functional visual recovery following retinal reattachment surgery, electrophysiologic function may not recover in parallel. [5] [6] [7] Recovery of visual function in the reattached retina is accomplished through regeneration of photoreceptor outer segments JOURNAL OF OPHTHALMIC AND VISION RESEARCH 2013; Vol. 8, No. 4 and restoration of anatomical relations between the neurosensory retina and the RPE. 8 After retinal reattachment, photoreceptor outer segments regenerate and the RPE attains good contact with the retina. 9, 10 Regeneration of photoreceptor outer segments and restoration of the anatomical relationship between the neurosensory retina and the RPE may explain recovery of retinal function after retinal reattachment. [11] [12] [13] The fact that vision is at least partially restored in most humans after retinal reattachment implies that the adverse anatomical and physiological effects of retinal detachment can be halted or even reversed after successful reattachment. [9] [10] [11] Recent clinical studies have demonstrated that cone photopigments show slow recovery after reattachment and visual acuity may continue to improve on a long term basis. [11] [12] [13] Anatomical reattachment of the retina usually stabilizes three months after successful surgery. [14] [15] [16] [17] [18] [19] However, this anatomic reattachment is not always followed by full functional recovery and visual dysfunction may persist. 12, 16, 20 The visual dysfunction depends on the duration of RRD, preoperative visual acuity, type and extent of retinal detachment, and macular involvement. 14, 16, 19 Moreover, it has been suggested that RRD has greater morphologic impact on cones than rods. In other words, after retinal reattachment, the rod system recovers more quickly than the cone system. 11, 13 The fact that partial visual improvement and electrophysiological recovery have been observed in most patients with total RRD suggests irreversible damage to both types of photoreceptors even after successful retinal reattachment. 21, 22 ERG is a useful tool to objectively assess retinal function and can be used to analyze the function of different layers of the retina. 23 In the present study, ERG alterations after retinal reattachment surgery along with functional changes in both rod and cone photoreceptors were evaluated in eyes with RRD undergoing scleral buckling.
METHODS
Twenty eyes of 20 patients, including 14 male and 6 female subjects with mean age of 34.7±8.2 (range, 23 to 50) years with RRD undergoing scleral buckling for retinal reattachment were studied. Twenty healthy normal individuals were enrolled as the control group. The duration of retinal detachment, estimated from the onset of symptoms to the day of surgery, was less than seven days in all study participants. All patients had successful retinal reattachment following scleral buckling.
Patients with retinal redetachment within 6 months after surgery, hereditary retinal disorders, proliferative vitreoretinopathy (PVR) grade C or more, vascular retinal disorders, chorioretinal inflammation, and media haziness of any cause were excluded from the study.
ffERG readings were obtained according to the methods described by the International Society for Clinical Electrophysiology of Vision (ISCEV) 24 , using the Mono Elec2 system (Metrovision Inc. France).
Pupil dilatation was accomplished for patients and controls to a diameter of 8 mm with 1% tropicamide and 2.5% phenylephrine drops after topical anesthesia with 0.5% tetracaine. The ERG-jet contact lens electrode was used as the recording electrode and 0.5% methylcellulose gel was deposited into its concavity. The reference electrode was placed at the center of the forehead and the grounding electrode was attached to the ear lobe. Scotopic (rod response and maximal combined response) and photopic (cone response) ERGs were recorded after 20 minutes of dark and 10 minutes of light adaptation, respectively. Preoperative ERGs were obtained 2 days before surgery and postoperative studies were performed 1, 3 and 6 months after surgery. Amplitudes of a-and b-waves of the rod response, maximal combined response and cone response were recorded, analyzed and compared with those of the control group before and after surgery.
To were included in this study. Table 1 summarizes demographics and clinical data of the patients. The underlying condition that had led to scleral buckling surgery was total RRD in all patients. All retinas in affected eyes were successfully reattached and the anatomical reattachment remained unchanged during follow-up. A representative ERG wave tracing from a patient after surgery is compared to that from a normal healthy control in Figure 1 . Preoperatively, mean a-wave amplitude in the maximal combined response was 27.5±11.7 increasing to 110.7±41.9 (P<0.001), 175.7±53.1 (P<0.001) and 174.6±51.4 (P<0.001) µV one, three and six months after retinal reattachment, respectively. Mean a-wave amplitude of the rod response ERG was 2.8±0.7, which increased to 4.9±1.5 (P<0.001), 10±4.4 (P<0.001) and 9.7±4.3 (P<000.1) µV in the same order. Mean a-wave amplitude of the cone response ERG before surgery was 2.1±0.8, which increased to 2.2±0.9 (P=0.027), 5.1±1.7 (P<0.001) and 5.3±1.6 (P<0.001) µV one, three and six months after surgery, respectively.
Mean b-wave amplitude in the maximal combined response was 97.6±28.9 increasing to 179.2±44. 9 response ERG before surgery was 2.9±0.9 which increased to 3±0.9 (P=0.318), 9.9±1.9 (P<0.001) and 9.8±1.9 (P<0.001) µV at one, three and six months after surgery, respectively.
Comparison between a-and b-wave amplitudes before and after surgery in maximal combined, rod and cone response ERGs are detailed in tables 3, 4 and 5 respectively. All changes from baseline and month one were statistically significant compared to month three (P<0.001). Amplitude of a-and b-waves (µV) in maximal combined, rod and cone response ERGs in normal healthy control eyes are shown in Table 6 . ERG a-and b-wave amplitudes (microvolts) in normal subjects M, male; F, female; OD, right eye; OS, left eye We evaluated these parameters in 20 normal subjects with mean age ± SD of 33.8 ± 13.9 (median: 31, range: 17 to 61) which revealed the following results: the maximal combined response in a-and b-waves amplitude were 193±10.5 and 379.7±26.0, respectively. Also, cone response were 18.3±2.1 and 67.4±6.4 in a-and b-wave correspondingly. Rod response in a-and b-waves amplitude were 19.9±1.8 and 251.9 ±19.4 respectively.
DISCUSSION
In the current study, both scotopic and photopic a-and b-wave amplitudes had been reduced to almost non-recordable levels in eyes with total RRD preoperatively. After successful anatomical reattachment, the scotopic ERG a-and b-wave amplitudes demonstrated higher values than the photopic response at 1, 3 and 6 months. Although, greater improvement in a-and b-wave amplitudes was seen at six months, there was no significant difference between the six and three month amplitudes. Moreover, visual acuity increased in parallel to improvement in ERG responses.
The results of the current study indicated that despite partial recovery in ERG wave amplitudes after retinal reattachment, these values still remained lower than normal eyes. 23 In addition, there were differences in the recovery pattern of aand b-wave amplitudes indicating dissimilarities in the functional recovery of different retinal cell types.
Few experimental studies have shown that one month after retinal reattachment surgery, photoreceptor ultrastructure recovers completely. 12, 21, 25 Moreover, most of the outer segments regain their normal appearance within 2 weeks. However, there are often defects in the outer segment, especially in the outer segment of cone cells. In cases with detachments of short duration (less than 1 week) morphological recovery in the reattached retina is complete while with detachments of more than one month duration, recovery is usually incomplete. These observations are similar to some other published studies. 26 Hayashi et al 22 reported that reduction in ERG b-wave amplitude was significantly greater in short wavelength (s) cones than in long and medium wave length (L-M) cones postoperatively. They demonstrated such differences to result from dissimilarities in postoperative recovery among the three cone cell .001), month 3 (P maximal vs rod <0.001, P maximal vs cone <0.001, P rod vs cone =0.076) and month 6 (P maximal vs rod <0.001, P maximal vs cone<0.001, P rod vs cone =0.180) Figure 3 . Mean percentage of change in b-wave amplitude from baseline by the type of response. Mixed model analysis (adjusted for multiple comparisons by the Bonferroni method) showed a significant difference in the mean proportion of change between different response types at month 1 (P maximal vs rod =0.393, P maximal vs cone <0.001, P rod vs cone <0.001), month 3 (P maximal vs rod =0.732, P maximal vs cone =0.002, P rod vs cone =0.198) and month 6 (P maximal vs rod >0.99, P maximal vs cone=0.009, P rod vs cone =0. 469) types. In the current study, rod photoreceptors demonstrated better recovery in ERG wave amplitudes than cone photoreceptors at alltime points. This indicates that the rod system repairs more rapidly and suggests that certain functional disorders may persist in the cone system. 27, 28 Similar to this observation, Schatz et al 29 , have reported in a group of patients with preoperative foveal detachment that rod system function was significantly improved while the single flash white light response and cone amplitudes did not improve to the same extent.
In contradiction, another study 30 reported no obvious improvement in ERG parameters within the first 6 months post-operation. Our results showed that one month after surgery, both aand b-wave amplitudes tend to rise, completing at three months with no further improvement up to 6 months. In eyes with retinal detachment, it is believed that there is a reduction in the number of photoreceptor synaptic terminals in the outer plexiform and in inner nuclear layers. 31, 32 In an experimental study, it has been demonstrated that after retinal detachment in animals the number of photoreceptors is reduced. 31, 32 However, demonstration of such findings is not possible in vivo.
The exact mechanism for delayed recovery of the cone system after retinal detachment is not clear. It is believed that the cone pathway is more vulnerable to hypoxia than the rod system. 33 Regarding the minimum required duration of four weeks for photoreceptor recovery after retinal reattachment, we believe that during this period the photoreceptors should have made ultimate recovery and therefore ERG amplitudes can be considered as a reliable objective measure of improvement after retinal reattachment. 23, [34] [35] [36] Earlier improvement of ERG a-wave amplitudes following retinal reattachment is due to photoreceptor recovery which takes place sooner than improvement of inner retinal layers. Improvement of the b-wave, which occurred one to three months after reattachment, reflects recovery of inner retinal layers.
In summary, retinal detachment may cause severe reduction of ERG a-and b-wave amplitudes which usually recover shortly after reattachment surgery with maximum recovery at three months. However, this improvement may be partial and amplitudes may not reach normal pre-detachment levels. This study reemphasizes the need for reattachment surgery as soon as possible in cases with macula on detachments to prevent further damage to cone cells.
